helpful for staging and preoperative evaluation in patients with posterior breast tumors.
A study by Morris et al., showed that chest wall enhancement on MRI correlated well with tumor invasion at surgery [2] and was more specific when compared to loss of fat plane on MRI. Another MRI technique called diffusion weighted imaging (DWI) is based on differences in Brownian motion of water molecules and is often used to distinguish normal from abnormal tissues. [3] [4] [5] [6] [7] [8] [9] DWI techniques most frequently use spin-echo echo-planar imaging pulse sequences to reflect the T2* differences between diffusion capabilities of water molecules in differing local environments. Diffusion gradients applied on either side of a 180° pulse can be tailored to various degrees of diffusion. e user-defined b-value instantiates the necessary gradient characteristics so that the higher the b-value, the greater the signal attenuation due to diffusion. is means that water molecules that experience restricted diffusion, such as those in neoplastic processes with increased cellularity, have higher signal on DWI. Diffusion, however, is multi-directional, so DWI is usually performed with four acquisitions, one at b = 0 s/mm 2 and three more to account for the x, y, and z directions at a user-specified b-value. Subsequent mathematically-derived isotropic DWI which lacks directionality is used for interpretation, and calculated metrics called apparent diffusion coefficients (ADC) quantitatively reflect the extent of restricted diffusion. [10, 11] On breast MRI, prior studies have shown that malignant breast lesions show more diffusion restriction compared to benign breast lesions. [6] [7] [8] 10, [12] [13] [14] [15] [16] In the last decade, various DWI techniques have been developed to address its relative low resolution, susceptibility to distortion, T2 effects, field-strength effects, and accuracy in ADC calculations. [6] [7] [8] [9] 11] Such variations make it challenging to rigorously investigate DWI. Nevertheless, DWI plays a major role in oncologic imaging, particularly for assessing extent of disease. [17] [18] [19] [20] e purpose of this study is to describe how DWI is used at one institution to assess chest wall invasion of breast tumors which underwent neoadjuvant chemotherapy (NAC) and to compare it with conventional MRI evaluation and pathology.
MATERIALS AND METHODS
A retrospective search of the radiology report database using keywords "chest wall invasion" and "breast MRI" at our institution between 2003 and 2017 yielded 58 such cases. MRIs without DWI acquisitions or unassociated with staging prior to NAC or surgery were excluded. Using these exclusion criteria, thirty cases were excluded. In addition, 5 of the 28 patients were lost to follow-up after initial diagnosis, and these 5 were excluded from analysis. e remaining 23 breast MRI cases were evaluated in this investigation.
Magnetic resonance imaging technique
All 28 breast MRIs were performed at 1.5 Tesla using a dedicated bilateral breast coil (GE, Boston, MA). All studies met criteria for breast MRI accreditation set forth by the American College of Radiology. Water and fat axial images were acquired from a T2-weighted fast spin-echo acquisition using a modified 3-point Dixon (IDEAL or Iterative Decomposition of water and fat with Echo Asymmetry and Least-squares estimation) method for fat suppression, field of view 28-40 cm, slice thickness 4.0 mm with 1.0 mm spacing, TR/TE 4505 ms/102 ms, echo-train length 14, matrix 320 × 224, NEX 2.0, and bandwidth 50.0 kHz. Axial, fat-suppressed pre-gadolinium and post-gadolinium 3D spoiled gradient-recalled (SPGR) images were acquired at 1-1.5 min, 2-3 min, and about 7-8 min after intravenous injection of gadolinium-based contrast agent (0.1 mmol/kg) using field of view 28-40 cm, slice thickness 1.8-2.0 mm, in-plane resolution ≤1.0 mm, TR/TE 5.2 ms/2.5 ms, flip angle 10°, bandwidth 62.50 kHz, and phase direction LR. Between 3 and 7 min after contrast injection, a higher-resolution axial 3D SPGR image was acquired with field of view 28-40 cm, slice thickness 1.2-1.4 mm, in-plane resolution ≤1.0 mm, TR/TE 5.2 ms/2.5 ms, bandwidth 62.50 kHz, and phase direction AP.
All DWI images were acquired using a spin-echo echo-planar-imaging pulse sequence with b values 0, 800 s/mm 2 , TR/TE 4000 ms/minimum, slice thickness 5 mm, slice spacing 1 mm, and acquisition matrix 128 × 128 in the axial or sagittal planes.
Qualitative radiological assessment
Diagnostic interpretation for presence of chest wall invasion based on T2-weighted, DWI, and dynamic contrast-enhanced (CE) acquisitions was then performed through consensus readings by two board-certified breast imagers (C. L. and K. G.). All breast MRI cases were viewed using the Aegis Breast imaging software (Hologic, Inc Marlborough, MA) which automatically generates ADC values. Radiological assessment of posterior extent of disease was categorized into: loss of the posterior fat plane, involvement of the chest wall (strictly the ribs, intercostal muscles, or serratus anterior muscle), and involvement of the pectoralis muscle. Each category was evaluated using T2-weighted, CE, and DWI. Presence of a particular area of anatomic involvement was evaluated independent of other anatomic areas of involvement; therefore, a single case may have more than one area of involvement. Appreciable differences were noted. For example, rib involvement in one case was better seen on DWI than on CE imaging [ Figure 1 ].
Using the tools available on the Aegis Breast imaging software, regions of interest (ROIs) were manually drawn around regions of qualitative increased signal associated with the mass on relevant diffusion-weighted images minimizing T2 shine-through, and the same ROI was copied to the ADC map. e mean, standard deviation, and range of the ADCs ("restricted diffusion") in the ROIs were recorded.
Correlations with histopathology and response to NAC were made.
RESULTS
Radiological assessment is summarized in Table 1 . Loss of the posterior fat plane could not be determined by DWI alone because of signal attenuation of the anatomy in this region.
T2-weighted imaging showed loss of the posterior fat plane in all 23 (100%) cases, and CE imaging showed loss of the posterior fat plane in 22/23 (96%) cases [ Figure 2 ]. In all cases, the identified areas of restricted diffusion correlated with the imaging location of known malignancy. Chest wall involvement (defined as direct invasion of ribs, serratus anterior muscle, or intercostal muscles) was identified in 9/23 (39%) cases by CE imaging and 8/23 (35%) cases by DWI. Pectoralis muscle involvement was identified in 19/23 (83%) cases by CE imaging and 18/23 (78%) cases by DWI. In all cases, the identified areas of restricted diffusion correlated with the imaging location of known malignancy.
Apparent diffusion coefficient assessment
Biopsy-proven malignancies were associated with a mean ADC of 1.150 ± 0.42 while radiological chest wall and pectoralis muscle invasions were associated with a mean ADC of 1.285 ± 0.53. e calculated P value of 0.24 supports a null hypothesis that there is no difference between the mean ADC values in the tumor versus the mean ADC values in the chest wall and pectoralis muscle, which is clinically what one would expect.
Pathology
Imaging and surgical pathology were correlated [ Table 2 ]. e 23 tumors included 16 (70%) invasive ductal carcinomas (IDCs), 1 (4%) invasive lobular carcinoma (ILC), 3 (13%) mixed invasive ductal and lobular carcinoma, and 3 (13%) desmoid-type fibromatosis.
Pathology review documented histologic evidence of skeletal muscle involvement in 12 of 23 cases (52%) [ Figure 3 ]. Among these, 12/12 had loss of fat plane on both T2 and CE images, 12/12 were associated with enhancement in the chest wall, and 11/12 had restricted diffusion in the chest wall. Pathologic evidence of skeletal muscle involvement was absent in 11 tumors. However, six of these patients had received NAC prior to surgery which may have influenced the results. When assessing for chest wall and pectoralis muscle invasion, DWI had one false-negative exam [ Figure 4 ] compared to seven false-positive examinations [ Figure 5 ]. e sensitivity for contrast enhancement vs. restricted diffusion involving the chest wall or pectoralis muscle was 100% and 92%, respectively. Specificity for both was the same at 36%. e positive predictive value was 63% for contrast enhancement and 61% for restricted diffusion involving the chest wall or pectoralis muscle. e negative predictive value (NPV) was higher, 100% for using contrast enhancement versus 80% for using restricted diffusion to evaluate the chest wall or pectoralis muscle [ Table 3 ].
DISCUSSION
DWI is a well-accepted acquisition in MRI and used extensively in neuroradiology and body MRI, for example in prostate imaging. [3, [21] [22] [23] [24] [25] [26] [27] [28] In breast MRI, DWI is currently not a required sequence according to the minimum standards set forth by the American College of Radiology. Although breast DWI is not a relatively long scan, the current push for shorter breast MRI examinations to reduce cost and increase accessibility to patients often results in DWI being the first imaging acquisition to omit. As such, abbreviated breast MRIs do not include DWI in its protocol. [29] e utility of DWI in breast MRI largely rests with its correlation to histopathology (specificity) and its added information when intravenous contrast cannot be administered. [8, 13, [30] [31] [32] [33] More recent investigations are looking at diffusion tensor imaging in pregnancy-associated breast cancers when intravenous gadolinium-based contrast agent cannot be administered. [34] Given that chest wall enhancement which is currently used in imaging to determine chest wall invasion, this study shows that DWI is a useful adjunct series for evaluating far posterior breast tumors on breast MRI as it overall demonstrated comparable sensitivity with CE imaging of the chest wall and pectoralis muscle. e unexpected low specificity (36%) of both CE imaging and DWI was unexpected and is due to the relatively large number of false positives in the calculation, likely secondary to the many patients who received NAC prior to surgery and lack of post NAC MRI. Post NAC MRI was present in only 1/7 patients in whom MRI images suggested pectoralis and chest wall invasion but pathology was negative for skeletal muscle invasion [ Figure 6 ]. What is relatively reassuring are the NPVs of 100% for CE imaging [19] 2009
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1.27±0.42 0.89±0.29 0 and 1000 Yoshikawa et al. [8] Maximum intensity projection image of a sagittal diffusion weighted imaging sequence (B800 series) demonstrates bright diffusion weighted imaging signal in the lesion with slightly less bright diffusion weighted imaging signal (arrow) in the chest wall (a). is was interpreted as diffusion weighted imaging restriction in the chest wall qualitatively. e apparent diffusion coefficient value in the chest wall was 2.5. Subsequent diffusion weighted imaging image after neoadjuvant chemotherapy demonstrates resolution of previously seen diffusion restriction within the mass and in the chest wall (b). Initial magnetic resonance imaging prior to neoadjuvant chemotherapy demonstrates enhancing mass in the left breast with enhancement extending into the pectoralis muscle (arrow), compatible with chest wall invasion (c). Subsequent magnetic resonance imaging demonstrates resolution of the mass and enhancement in the pectoralis muscle (d). e pathology in this case was negative for skeletal muscle involvement but patient had received neoadjuvant chemotherapy. and 80% for DWI in the evaluation of the chest wall or pectoralis muscle. is study corroborates the clinical utility of DWI in diagnostic interpretation of breast MRIs. Used in conjunction with other MRI acquisitions, DWI is perhaps most useful when it is negative, and that seems to be reflected in the NPV in this study.
Prior studies summarized in Table 4 have established that the ADC values in malignant lesions are lower than in benign lesions. [18, 19, 33] e ADC values of the 3 benign lesions (desmoids) and 20 malignant lesions (IDC, ILC, and mixed) in this study are similar to prior studies [ Table 4 ] which is reassuring. In known malignancies with chest wall extension, we found no significant difference between the mean ADC values in the tumor versus in the chest wall, which is clinically expected and supports the theory that DWI values are reliable in the identification of chest wall invasion. e information provided by ADC values suggests that it can provide qualitative assurance of favoring malignancy, but a "cut-off " value distinguishing malignant from benign remains difficult to substantiate.
ere remains a fairly wide range of b-values used in breast MRI. e authors noted that one of the limitations of DWI is the poor anatomic detail it provides, especially at high B values. is was highlighted in one patient [ Figure 5 ] who demonstrated restricted diffusion in the pectoralis muscle which was not appreciated on DCE imaging. Other useful landmarks in this case such as pectoralis muscle and ribs were difficult to identify in this study. In such cases, T2-weighted, precontrast, and postcontrast images were helpful for correlating DWI findings with anatomy. Additionally, the small sample size over a period of 14 years was confounded by varying DWI acquisition techniques. Pathology assessment of skeletal involvement did not distinguish between pectoralis muscle, serratus anterior muscle, or intercostal muscle involvement, making the determination of strict chest wall invasion ambiguous. is determination was largely made by imaging or if the surgeon provided details of the specimen.
e utility of DWI is important in breast MRI and is best when used in conjunction with T2-weighted imaging and CE imaging, as these sequences aid in depicting anatomic or soft tissue interfaces. is principle is also applicable to MRI of other regions of the body and not limited to breast MRI examinations.
CONCLUSION
Although DWI provides diagnostic information of chest wall invasion almost comparable to CE imaging, DWI remains a largely qualitative assessment that is best read in conjunction with T2-weighted and CE images.
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